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In situ generation and atomic scale imaging of slip traces with atomic force
microscopy
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Department of Applied Physics, Materials Science Centre, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands
~Received 21 July 1997; accepted for publication 9 September 1997!
We have designed, constructed, and tested a three-point bending system for in situ studies of slip in
ionic crystals with an atomic force microscope ~AFM!. The work is aimed at developing a novel
instrumental attachment for an in situ study of plastic deformation. The bending system is installed
inside the optical head of the AFM on top of the piezoelectric scanner. Since the bending should not
obstruct scanning, a piezocrystal is used for bending as well as an external stepper motor, which is
connected with a screw in the bending system via a flexible shaft. The bending system performs
over a relatively wide, continuous deflection range. The operation of the three-point bending system
is illustrated by experiments on an ionic material in which the effect of macroscopic bending is
demonstrated at an atomic scale. © 1997 American Institute of Physics. @S0034-6748~97!02712-3#I. INTRODUCTION
Detailed mechanical behavior of materials is of particu-
lar interest in various fields of materials science, because it
may affect possible applications of engineering materials in
constructions. For the investigation of the mechanical prop-
erties various tests are developed in which an external load is
applied. Quite often a study of crack propagation and micro-
structure analysis of fracture surfaces are involved in such
studies.1–3 A frequently used experimental setup in the field
of semibrittle materials is the so-called three-point bending
setup. In such configuration, both in situ and postmortem
observations of plastic deformation are performed, using
various techniques such as scanning electron microscopy,4
~SEM!, scanning acoustic microscopy,4 and scanning tunnel-
ing microscopy ~STM!.5 In combination with such a three-
point bending fixture, atomic force microscopy ~AFM! has
also be shown to be a suitable method for the in situ obser-
vation of crack propagation in semibrittle materials at a
surface.6 For imaging of even much smaller features such as
atomic steps AFM possesses a great advantage over other
high-resolution techniques, such as field ion microscopy and
transmission electron microscopy, because no extensive
sample preparation is required. Commonly in AFM the re-
pulsive force between a tip mounted on a cantilever and a
specimen is measured. Hence it is suitable to all kinds of
materials, both electric conductors and insulators, i.e., in
contrast to STM which can only be used for conducting and
semiconducting materials. In this article a three-point bend-
ing system is combined with a commercial AFM, allowing
for in situ slip trace generation and imaging. The working of
the bending system is illustrated by experiments on an ionic
material in which the effect of macroscopic bending is
clearly demonstrated at an atomic scale.
II. INSTRUMENTATION
We have designed, constructed, and tested an in situ
three-point bending system specifically for a Nanoscope II
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is aimed at introducing a novel tool, while keeping the usual
application of this commercially available microscope un-
modified: consequently, the bending system must be in-
stalled inside the optical head on top of the piezoelectric
scanner. Moreover, bending should not obstruct scanning.
This aim is achieved by using a piezocrystal for bending and
an external stepper motor, which is connected with a screw
in the bending system via a flexible shaft. The small space
inside the optical head of the microscope restricts the dimen-
sions of the three-point bending system. Figure 1 displays a
schematic view of the experimental setup in which the mi-
croscope is not drawn as well as a schematic cross section of
the bending system. As a consequence of the tiny dimen-
sions, particular constraints are set on the properties of the
materials for the three-point bending system. The material
must be rigid so that the applied forces, which are required
for bending, will plastically deform the specimens, but keep
the housing intact. The maximum force until fracture of a
specimen in a three-point bending configuration is deter-
mined by the modulus of rupture smr and the Young’s modu-
lus E . For NaCl, which was used in this study, smr
53.9 MPa7 and E53.653104 MPa.8 Since the setup is
cramped with space, the width and length of the sample
should be smaller than 1.4 and 12 mm, respectively. Further-
more, to keep optimum maneuverability for the bending sys-
tem as well as for the optical head, the height of the sample
must lie in the range of 2.6–3.0 mm. With smr , E and the
dimensions of the sample, the maximum bending forces
needed for the maximum deflection of a sample can be cal-
culated. According to the pure bending theory, the range of
the maximum force using the above parameters, is 0.5–2.0
N. The range of the accompanying deflection is 0.8–2.5 mm.
A suitable material for the bending system is quartz ~vitreous
silica!. Compared to NaCl, quartz is a rigid material. The
Young’s modulus of quartz is 7.223104 MPa.9 Because the
applied bending forces needed for plastic deformation of the
samples are relatively low, they will not break the housing
even considering the brittle nature of quartz. We used HSQ
300 quartz from Heraeus, Germany. Quartz could be cut eas-7/6812/4492/6/$10.00 © 1997 American Institute of Physics
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ily with a continuous wave CO2 laser. During cutting the
power of the laser was 200 W and the laser scanning speed
between 200–300 mm/min. As said before, it is essential that
the housing is as rigid as possible. For this reason we imple-
mented a quartz bottom plate in the design. However, the
resulting cruciblelike shape of the bending system cannot be
cut with the laser out of one piece. Therefore, the bending
system must be composed of different, thin layers of quartz,
which we glued together. The layered structure does not af-
fect the rigidity, because the bending forces do not act in the
direction of the glued contacts during bending. Moreover,
due to cutting in thin layers, residual stresses from quartz
cutting are small and annealing is not necessary. Using thin
layers, the height of the bending system can also be kept as
compact as possible. The three-point bending system is made
of five layers that are glued together with an epoxy glue
based on bisfenol A and epichlorhydrine. The glue has dried
for 65 h at room temperature. The layers have a diameter of
17 mm, because for this diameter the 232 mm range of the
xy table of the AFM microscope can be used completely.
The first layer at the bottom is 1 mm thick and contains two
slits for the wires of the piezocrystal. The second layer con-
tains two circular holes through which the wires are led and
a rectangular hole in which a brass nut has been sunk. Those
two layers are closed shells. The next three layers are O
rings. On the second layer the piezocrystal, the sample, and
the double wedge lie. The third and fifth layer are identical
and are used to gain the necessary depth for attaching the
piezoelement against the sample holder. The fourth layer
contains an aperture through which a brass screw is led. Be-
FIG. 1. Three-point bending system. ~a! Schematic view of experimental
setup; ~b! cross section. ~1! Modified PL-55.20 d33-stack piezoelectric ac-
tuator element; ~2! wedge; ~3! double wedge; ~4! screw; ~5! heat shrink
tubing; ~6! KP4M4-023 stepper motor; ~7! circular drain hole; ~8! sample;
~9! block wedge; ~10! nut; ~11! three layers O-ring shaped; ~12! two closed
shells; ~13! metal layer.Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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ning, the screw must be externally accessible. Therefore, the
screw must be mounted to the bending system above the xy
table of the microscope as shown in Fig. 2. Together with the
tip position and the demand that the screw must act in the
middle of the double wedge, the height of the samples is
determined and so the total height of the bending system.
Using the sample dimensions as given before, this results in
a total height of 4 mm. At the bottom a metal layer was
mounted for attaching the three-point bending system to the
magnetic top of the piezoelectric tube scanner. The wires of
the piezo element in the sample holder are led under the
optical head of the AFM to a power supply. The piezocrystal
in the sample holder is a modified piezoelectric actuator el-
ement of Physik Instrumente GmbH & Co., Germany. The
maximum expansion of the element at 100 V is 2.0 mm. The
piezoelement is attached to the quartz rings with glue, so that
during operation the expansion is oriented in the xy plane.
On this piezoelement we glued a quartz wedge with a radius
of 0.5 mm. The double wedge, also with a radius 0.5 mm, is
made of quartz, as well. The bar can be pressed against the
sample by the screw which is tightened by a stepper motor
from Japan Servo Co., Ltd., Japan. We use the software of
Nanoscope II to control the stepper motor. The minimum
step that the stepper motor turns is 3.6°. The screw has a
nominal 1 mm diameter with a lead of 0.25 mm ~M1!. As a
result the forward movement of the screw with the smallest
step of the stepper motor is 2.5 mm. Thus the piezoelement
overlaps almost entirely the smallest step of the stepper mo-
tor allowing for fine tuning the applied bending force. In the
experimental results shown in this article only the stepper
motor was used because the force variation obtained with the
piezoelement did not change the surface morphology. The
flexible connection between the stepper motor and the screw
is made of a heat shrink tubing from Multicomp with a
length of 170 mm and a diameter of 2.4 mm. These param-
eters seemed to be suitable to satisfy the demands on the
tubing during operation: The tubing has a relatively big
torque resistance, while it is flexible in the xy plane. It also
isolates the microscope acoustically from the stepper motor.
These properties are important for tightening the screw dur-
FIG. 2. Photograph of the experimental setup. The screw, element ~4! in
Fig. 1, is mounted above the xy table of the microscope.4493Three-point bending
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ing scanning, because the sample holder must be able to
move in the xy plane for AFM imaging. Simultaneously, the
screw has to be able to be tightened far enough for the plastic
deformation of the sample, while the vibrations of the step-
per motor can influence the measurements. AFM imaging is
acquired by maintaining a constant deflection signal using a
feedback to the piezotube. The measurements were made
with Si3N4 cantilevers with integrated tips from Nanoprobe
~Digital Instruments!. Extra attention is paid to the alignment
of the bending forces that are obtained with the screw. The
screw is not completely clamped in the nut and therefore the
orientation of the screw and so the acting force can have an
upward component and may cause buckling. If this buckling
occurs, it can cause feedback instabilities. This disturbs the
measurements because the surface climbs out of the range of
the piezoelectric scanner and depending on the buckling mo-
tion the tip can be damaged. A downward component of the
force is always obtained when the screw acts on a slant plane
at the back of the double wedge. The double wedge will
however be able to glide across the bottom plate. The use of
a small block wedge, installed as shown in Fig. 1, also pre-
vents the sample from an upward movement. Moreover, this
prevents the sample from rotating around the wedge.
III. THEORETICAL CONCEPTS
Plastic deformation occurs when a crystal is sufficiently
deformed beyond the elastic limit, the so-called yield stress,
and at the same time the fracture stress lies above the yield
stress. A bending load induces stresses in the crystal which,
corresponding to plastic deformation, may respond by the
movement of dislocations on specific slip planes. For dislo-
cation movement across slip planes a characteristic shear
stress is required.10 The resolved shear stress is given by the
product of applied stress and the Schmid factor:
t5
F
A cos f cos u , ~1!
in which F is the applied force, F cos u is the force compo-
nent in the slip direction, and this force acts over slip surface
with area A/cos f. Notef is the angle between F and the
normal to the slip plane. Dislocations moving out of the
sample to the surface produce steps or slip lines. From clas-
sical studies utilizing etching techniques, the occurrence of
so-called slip bands in plastically deformed NaCl is a well
known fact.11–14 These are regions of high slip density, par-
allel to the glide planes. In our setup, we image the bent
substrate from the side, which means the scanned area covers
a gradient in stress. To explain the character and distribution
of single slip traces, a discussion on the stress distribution
causing this slip is appropriate. The stress distribution ap-
plied by the three-point bending system is considered to ful-
fill the stress distribution as obtained from pure bending, in
which a correction for the influence of the application of a
concentrated load has to be made.
As will be shown, the magnitude of this so called wedge
effect scales with the beam thickness. Therefore it should be
taken into account in this study, because the possible scan
area of the microscope is within 2 mm2 of the wedge, com-4494 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject topared to a beam thickness of ;1.5 mm. Therefore, in this
AFM setup we should not consider the wedge effect a small
perturbation, but as a significant contribution to the stress
present below the areas under investigation. According to the
pure bending theory15 the stress distribution in a rectangular
beam is described by
sx5
3L
8c2 S 122UxsU D y S Pc D , ~2!
in which P is the applied load force per wedge length, s the
distance between the two wedges of the double wedge, and c
is the half the width. Incorporating the wedge effect, it can
be shown16 that the stress sx can be split into two parts: one,
which can be calculated by the usual elementary beam for-
mula and an extra term, which represents the local effect
near the point of application of the load. The second part,
called sx8 , can be represented in the form b(P/c), in which
b is a numerical factor depending on the position of the point
for which the local stresses are calculated. Due to the appli-
cation of a concentrated load the stress components sy and
txy will be no longer zero and they can also be represented in
the form b(P/c). The local stresses decrease rapidly with
increase of the distance from the point of application of the
load and at a distance equal to the depth of the beam the
local stresses are usual negligibly small. In Fig. 3 a sche-
matic picture is presented in which the complete uniaxial
stress (sx1sx8) expressed in the numerical factor b is plot-
ted as a function of the position across the cross section of a
bar of representative dimensions.
IV. PERFORMANCE
Although no extensive sample preparation is needed in
AFM, the sample surface must be flat, smooth and must have
a low density of steps. Otherwise, the shape of the probe tip
may influence the measurements of the surface profile. In
this study we tested the designed bending system on NaCl
monocrystals from Korth-Kristall, Germany to illustrate the
working of the bending system. The required surface is eas-
ily prepared from NaCl monocrystals by cleaving across the
FIG. 3. Plot for a representative sample in which the numerical factor b for
(sy1sx8) and sy as a function of the cross-sectional position is displayed, b
being a measure for the applied stress. The positive values for b correspond
to compressive stress. The constant c is half the width of the sample.Three-point bending
 AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
$100% planes, the cleaving planes of NaCl.17 The cleaved
samples are placed in the bending system as shown in Fig. 1.
An example of newly emerging slip traces is shown in Fig. 4,
where approximately the same area was imaged during suc-
cessive increments of bending of a 9.5532.8531.05 mm
sample. The distance s between the knife edges of the double
wedge is 8 mm. After each stepper motor increment the cor-
responding translation of the surface is manually readjusted,
leaving small variations in the position of the scanned area.
The large circular island in the center serves as a guide for
the eye. In the present setup, no information on force or
bending amplitude can yet be obtained. The images were
taken 100–200 mm from the wedge and so being on the
compressive part of the sample. Between each image an in-
crement of bending was applied. Image 4~a! shows a charac-
teristic scan of a cleaved NaCl surface. It contains islands,
cusps, grains, and smooth ledges known from previous
studies.18–20 The sample is clamped in the bending system,
but still in the elastic range. This can be concluded from
comparing this scan with previous scans ~not displayed! in
which the applied bending deflection was significantly
smaller. The scans did not show any differences. Image 4~b!
is the first image displaying surface changes. Some new,
straight slip traces are introduced, indicated by the upper two
FIG. 4. 5.935.9 mm2 AFM images of the same area of an in situ bent NaCl
@100# monocrystal. Variations in position stem from the clamping routine.
The large circular island in the center may serve as a guide for the eye. ~a!
AFM image of an area, still in elastic range. The flowing, smooth atomic
steps are characteristic for freshly cleaved NaCl @100# surfaces. ~b! Image of
the same area, with introduction of slip traces indicated by markers. The
sign of the slip traces indicates that the compression in this region is relieved
by ~011!@011¯# glide ~white trace! as well as ~011!@011¯# glide ~black traces!.
~c! After further increase of the applied bending load, some more straight
ledges are introduced. Comparing the trace indicated by the lowest marker
with its shorter precursor in 4~b!, left-most marker, we observe that a cross
slip along @010# and @100# traces has occurred. ~d! Last image before frac-
ture, with a new cross slipped trace on @010# and @100# glide planes but of
opposite sign to the one emerging in 4~c!.Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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now bigger than the yield stress and dislocation movement is
taking place. As explained in Sec. III about the theoretical
concepts, the applied bending load causes stresses in the
crystal which can activate specific slip planes depending on
the Schmid factor. The primary slip system in @100#-oriented
NaCl monocrystals is the $110%^110& slip system.17 The slip
planes occur in three sets of orthogonal slip planes named
type 1, 2, and 3 ~see Fig. 5!. When those slip planes are
activated, the sets of type 1 and 3 become visible at the
scanning surface as a straight ledge oriented in the @010# and
@100# directions, respectively. This explains that the traces
are oriented in the @010# direction. The crystallographic ori-
entation was deduced from the angle between the scan direc-
tion of the tip and the direction of the @100#-oriented monoc-
rystal in the bending system. The sign of the slip traces
indicates that the compression in this region is relieved by
~011!@011¯# glide ~white trace! as well as ~01¯1!@011# glide
~black traces!. After further increase of the applied bending
load, some more straight ledges are introduced as can be
seen in image 4~c!. Comparing the trace indicated by the
lowest marker with its shorter precursor in 4~b!, left-most
marker, we observe that a cross slip along @010# and @100#
traces has occurred, similar to those observed by means of
gold decoration techniques by Appel et al.19 As these slip
planes do not share a component of Burger’s vector of any
edge, this implies a dislocation node, some climb process, or
screw dislocation movement.19 Image 4~d! shows the last
image before fracture, with a new cross slipped trace on
@010# and @100# glide planes but of opposite sign to the one
emerging in 4~c!.
The set of type 2 cannot be detected at this surface. Due
to the Schmid factor the set of slip planes of type 1 and 3 can
only be activated by the stress (sx1sx8) and the stress (sy
1txy), respectively. According to the Seewald correction for
the stress distribution in three-point bending the stress (sy
1txy) is solely introduced by the wedge effect. As can be
concluded from Fig. 5, if slip traces of type 3 planes are
observed, the Seewald correction must be involved in the
description of the stress distribution. This is confirmed by
Fig. 6. This figure is the first 8.838.8 mm2 scan of a subse-
quent series of eight scans across the cross section of a bent
sample of dimensions 9.1032.8531.40 mm. The scan series
is located at a region in the compressive part about 250 mm
from the wedge towards the center of the sample. Note that
all slip traces bear the same sign, indicating a slip bandlike
behavior for both types. This implies only one glide plane
per type is involved in this compression region. However the
actual number of individual slip traces observed is low and
FIG. 5. Sketch of sample with $110%^110& slip system. Slip planes are sub-
divided in three sets of orthogonal slip planes named type 1, 2, and 3.4495Three-point bending
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rather widely spaced on an atomic scale, making the slip
band character still rather weak.
A slip trace count was performed from this series of
eight scans. In Fig. 7 the resulting densities of visible slip
planes of type 1 and 3, respectively, are plotted as a function
of each scan. Scans much closer to the wedge ~not displayed!
yield a much higher density of slip lines, which confirms that
this trend in distribution extends over rather long distances.
The counts of both types should be interpreted differently: a
decrease of one count of @010# traces from scan to scan,
means a slip trace has stopped there at a screw-character
point. On the other hand each count of the @100# traces ex-
presses a different slip line.
By correlating the number of mobile dislocations on
$110% slip planes to the applied stress in the sample we ob-
serve that the density of slip planes in this part of the sample
decreases as predicted from Fig. 3. However, we should be
cautious in linking the observed distribution very strongly to
the stress distribution, as the generation process of disloca-
tions corresponding to the emerged slip traces is unknown. A
close match of slip trace density with stress distribution is
only appropriate if there is a one-to-one relation of slip traces
with an original homogeneous bulk distribution of disloca-
tions. However, this may not be the case. Slip bands are well
known in NaCl deformation experiments,11–14,19 where for
instance, multiple cross glide and annihilation cause large
deviations of the number of observed slip lines with that of
the original dislocation density. Moreover, large numbers of
dislocations could be generated and sent into the substrate at
the wedge line at 2c , where stress is highest ~see Fig. 3!.
However, because the number of @100# slip traces decreases
FIG. 6. 8.838.8 mm2 AFM image of a high slip trace concentration. The
flowing, smooth atomic steps are characteristic for freshly cleaved NaCl
@100# surfaces. Introduced straight ledges are oriented in the @010# and @100#
direction. Some straight ledges are indicated by markers. The straight ledges
cross the smooth ledges, demonstrating that the straight ledges are a conse-
quence of slip.4496 Rev. Sci. Instrum., Vol. 68, No. 12, December 1997
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traces, we believe the gradient of counts along the ^010&
direction still reflects the stress distribution. This is because
the more slip traces per area are counted, the more the local
yield should have been, independent of the origin of emerged
dislocations.
The presented images show also other features as inter-
actions of the introduced straight ledges with the existing
smooth ledges known from Appel et al.,19 but this is beyond
the scope of this study. The concept of the applied stress
distribution in a bent sample and the resulting activation of
specific slip planes is confirmed by measurements in which
we compressed @100#-oriented samples in the @100# direc-
tion. After compressing, only one type of slip planes is de-
tected on a surface with AFM as expected from the Schmid
factor. Therefore, from the activation of specific slip planes
in @100#-directed NaCl monocrystals it can be concluded that
we have constructed a three-point bending system in which
the applied stress distribution can be described taking the
Seewald correction into account for three-point bending. The
applied stress distribution seems well reflected by the surface
features as observed by AFM and this bending system is
suitable for experiments on other types of materials.
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